Although amino acids (AA) synthesized by enteric microbiota in the upper gut of nonruminants can be absorbed, they do not necessarily make a net contribution to the host's AA supply. That depends on whether protein or nonprotein nitrogen sources are used for microbial protein production. We determined the contributions of urea, endogenous protein (EP), and 
Introduction
Like humans, pigs are able to absorb amino acids (AA) 8 synthesized by their enteric microbes in the upper gut, as evidenced by the presence of 15 N-labeled nontransaminating AA ( 15 N lysine) in the plasma of pigs and humans given oral 15 NH 4 Cl (1-4). However, microbial AA can provide a net positive contribution to the host AA supply only if substrates that are of no further value to the host (e.g. urea and ammonia, AA from indigestible protein or surplus dispensable AA) are used to synthesize indispensable AA (5) . In contrast, the diversion of digestible AA derived from dietary protein (DP) and endogenous protein (EP) to microbial protein, even if subsequently digested and absorbed, would not make a net contribution to the host's AA supply. The use of different nitrogen sources for microbial protein synthesis in the upper gut of nonruminants does not appear to have previously been explored.
There are also metabolic costs to the host associated with the symbiotic relationship between the host and enteric microbiota. These include enhanced secretion of mucus glycoproteins, increased epithelial cell turnover, increased AA needs resulting from immune system stimulation, and nutrient diversion to support the enteric microbiota, including fermentative AA catabolism (5, 6) . These costs also diminish any positive impact of microbial AA to the host AA supply.
The objectives of the present study were to estimate the relative contributions of fermentative catabolism of AA (from DP plus EP) and urea hydrolyses to ileal digesta NH 3 as well as the relative contributions of various sources of nitrogen (NH 3 , and EP and DP) to microbial protein in the upper gut of pigs. Because dietary fiber may stimulate EP loss and fermentation (5) and thus increase fermentative AA catabolism and the synthesis of microbial protein through increased usage of protein (EP and DP) or NH 3 (3), we also determined the effect of adding pectin, a readily fermentable fiber, on these aspects of nitrogen metabolism in the growing pig.
allowed to adapt to their new environment and were offered a conventional pig starter diet for 1 wk before the study.
At least 3 d before surgery, 6 pigs were assigned, following a randomized complete block design, to each of the 2 dietary treatments: a cornstarch and soybean meal-based diet (Control) or the Control diet with 12% pectin added at the expense of cornstarch (Pectin). Dietary nutrient composition was estimated from NRC (8) and net energy (NE) from Centraal Veevoeder Bureau (9) . The digestible energy (DE) and NE content of pectin were assumed to be 2 (10) and 25% (11) lower than cornstarch, respectively. The diets were formulated to contain similar standardized ileal digestible AA:NE ratios while ignoring the potential effect of pectin on ileal AA digestibility ( Table 1) . Feed intake was restricted to 2.6 times maintenance DE requirements (800 kJ·kg body weight 20 .60 ×d 21 ) (12). Pigs were offered their daily feed allowance in 2 equal amounts at 0830 and 1630. On the first day of the 4-d infusion period, the feeding schedule was changed to feeding every 3 h, starting at 0800 to maintain metabolic steady state conditions (7) . Drinking water was provided continuously.
Surgery and isotope infusion. Pigs were surgically fitted with a simple T-cannula at the distal ileum (13) 2 wk before the start of infusion. One week later, they were fitted with silicon catheters (Micro-Renathane, Brain Tree Scientific) in the right and left external jugular veins (14) for tracer infusion and blood sampling, respectively.
An overnight IV infusion of a saline solution (0.9% I.V. bag; Baxter) was followed by a 4-d continuous infusion of a saline solution containing 25 N]urea, respectively. For each dietary treatment, isotopes were infused IV into 4 pigs and in 2 equal batches. The remaining 4 pigs, equally divided over the 2 batches, were used to generate samples for measuring background enrichment in mucins and mucosa-associated microbes.
Sample collection and processing. Blood samples (20 mL) were collected into heparinized tubes daily at 0900 starting 1 d before the start of infusion. Digesta samples were also collected continuously for 6 h each day starting at 0800. On the last day of infusion, digesta were collected continuously for 24 h and pooled per pig. Digesta were collected in plastic tubing with the lower end immersed in a mix of ice and water (14) . The digesta contents of the plastic tubing were emptied every 30 min or more frequently if necessary and kept on ice until further processing.
At the end of the infusion period, pigs were killed by a lethal injection of sodium pentobarbitone, at 0.2 mL/kg body weight, via the infusion catheter, for sampling of digesta-and mucosa-associated microbes. For each batch of pigs, 2 pigs (one per treatment) were killed at 0830 while the other 2 were killed at 1430. Both ends of the distal 1.5 m of the small intestine (ileum) were ligated to prevent loss of contents and then quickly excised. Digesta from this segment were gently removed and combined with previously collected digesta. Ileal tissues were kept on ice and transported to the laboratory for microbe isolation and mucosal sample collection.
Digesta samples were subdivided into several subsamples for the measurement of isotopic enrichment in microbial AA, NH 3 , and digesta AA. Subsamples of 10 g were collected for microbial cell isolation and each subsample was mixed with 30 mL of sterile saline containing 20% glycerol for microbial cell preservation before rapid freezing in liquid nitrogen. Samples for NH 3 enrichment were acidified with 10% formic acid (100 ml/L digesta). All samples were stored at -808C until further processing.
Microbes from ileal digesta samples and mucosa-associated microbes were isolated (16) . After mucosa-associated microbes had been removed, mucosal samples were then obtained for mucin isolation by scraping the ileum using a glass microscope slide (17) to collect samples for mucin isolation. Mucins were isolated from mucosal samples following the noreduction and with-protease digestion (15) .
Chemical analysis. Protein in freeze-dried digesta, isolated microbes, and mucins was hydrolyzed in 6 mol/L HCl at 1108C for 24 h. Free AA were isolated from the hydrolysates using a cation exchange column (7) .
Plasma samples (100 mL) were treated with acetonitrile (250 mL) and centrifuged at 4750 3 g; 10 min (18) . The supernatant containing plasma free AA was collected and freeze-dried prior to derivatization. Acidified digesta samples were thawed and centrifuged at 4750 3 g; 20 min to collect NH 3 -containing digesta fluid (19) . The NH 3 was released from the digesta fluid by aeration after adjusting the pH to .12 by adding 5 mol/L NaOH (20) .
Before isotopic enrichment analyses, plasma free AA were converted to heptaflourobutyryl n-propyl ester derivatives (21) . Urea was also isolated from plasma and derivatized to bis-trimethylsilyl derivatives (22) . AA from digesta, microbes, and mucins were converted to N(O)-ethoxycarbonyl ethyl ester for digesta and microbes (23) or to N-acetyl propyl derivative for mucins (24) . 15 N enrichment of AA, in digesta, microbes, and mucin were determined by a capillary gas chromatograph coupled with a combustion oven and an isotope ratio mass spectrometer (25) . Enrichment values for plasma, digesta, and digesta-associated microbes were corrected for enrichment of background samples taken, before the start of infusion, from pigs receiving the same treatment and from the same batch and from pigs that did not receive isotopes (n = 2). Enrichment values were expressed as mole percent excess (MPE). The NH 3 nitrogen content in the ileal digesta was determined based on the phenolhypochlorite reaction (26) .
Calculations and statistical analysis. The change in isotopic enrichment over time in plasma valine, plasma urea, and microbial valine (M. VAL) for 1 Control pig and 1 Pectin pig was described by the exponential function, E t = E plateau 3 (1 -e 2kt ), where E t refers to the enrichment at time t, E plateau refers to enrichment at isotopic steady state, k is the rate constant, and t is the length of infusion (in days). Functions were fitted using the NLIN procedure of SAS (27) .
The contribution of endogenous valine to total valine in ileal digesta (DIG.VAL EP ) was also estimated, based on the dilution of 13 C valine (Eq. 1; 28). This contribution was determined using 13 C valine enrichment in mucin or 13 C plus 15 The DIG.NH3 UREA , NH 3 , DP, and EP to M.VAL ( Fig. 1) were based on samples obtained on the last day of infusion using Eq. 4, 5, 6, and 7, respectively. The relative contributions were determined for both digesta-and mucosa-associated microbes. All data obtained during the last day of infusion were analyzed using the GLM procedure of SAS with treatment and batch of pigs as sources of variation. Differences were evaluated by using the PAIRED statement in the TTEST procedure in SAS (27) and considered significant at P # 0.05. Due to the small number of replicates and high variability, trends were considered at P # 0.10. Unless stated otherwise, SE was calculated based on 4 observations per mean.
Results
All pigs appeared healthy and consumed their feed allowances within 30 min, except for 1 pig fed the 12% Pectin diet, which ate more slowly than the other pigs. One Control pig had dark brownish digesta during the last day of infusion, which likely reflected the presence of blood. Data from this pig were excluded. Pigs gained body weight throughout the experiment. The mean body weight of pigs receiving the Control and Pectin treatments at the end of infusion were 28.6 6 0.5 and 28.9 6 0.2 kg, respectively.
The time course in the isotopic enrichment (in MPE) of valine and urea in plasma, and of valine in microbes are presented in Figure 2A -D. An apparent steady state in isotope enrichment, based on attainment of a plateau in isotope enrichment, was achieved after~2 d for plasma 13 Among AA other than valine in digesta-and mucosaassociated microbes on the last day of infusion, 15 N enrichment was highest in alanine (MPE ranging from 0.051% for mucosaassociated microbes in Pectin pigs to 0.056% for digestaassociated microbes for Control pigs; P . 0.10), lowest in lysine and threonine (MPE ranging from ,0.001% for lysine and threonine in mucosa-associated microbes to 0.018% in threonine for digesta-associated microbes for Pectin pigs), and intermediate in the other AA. There was no effect of dietary treatment on 15 N enrichment in AA in either digesta-or mucosaassociated microbes (P . 0.10). For both Control and Pectin pigs, 15 N enrichment of most AA in digesta-associated microbes was similar to that in mucosa-associated microbes (P . 0.10), except for lysine, threonine, and aromatic AA. For these AA and across the 2 treatments, 15 N enrichments were higher in digesta-associated microbes than in mucosa-associated microbes (P , 0.05; MPE 0.0079 vs. , 0.001% for lysine, 0.0116 vs. , 0.001% for threonine, 0.0146 vs. 0.0054% for phenylalanine, and 0.0250 vs. 0.0089% for tyrosine).
On the last day of the isotope infusion, Control and Pectin pigs did not differ in the 15 Table 2 ). There was, however, a higher valine ( 13 C) enrichment in mucosa-associated Table 2 ). The difference in 13 C valine enrichment between mucin and plasma approached significance for Control (0.75 MPE; P = 0.053) but not for Pectin (0.44 MPE; P . 0.10).
Endogenous and fermentative valine losses in the upper gut. From the ratio of 13 C valine enrichment in digesta to that in plasma, we estimated that EP contributed 37.4% of the valine in ileal digesta; this estimated contribution was not influenced by dietary pectin addition (P . 0.10; Table 3 ). The use of 13 C valine enrichment in mucin rather than in plasma, as an estimate of 13 C valine enrichment in EP, did not influence this contribution either (P . 0.10; Table 3 ). For Control pigs, 71.5 6 4.4% of ileal digesta NH 3 was generated via microbial fermentation of proteins and 28.5% from urea hydrolysis (Table 3) . These proportions were similar for Control and Pectin pigs (P . 0.10). The ileal NH 3 -N concentration did not change with feeding additional pectin (5.8 vs. 5.7 mmol/L; SE = 0.91; P . 0.10), but there was a greater ileal NH 3 -N flow for Pectin pigs than for Control pigs (25.6 vs. 15.3 mmol/d; SE = 3.2; P = 0.108).
Carbon and nitrogen sources for M.VAL. We used the dilution of [1- 13 C]valine to estimate the contribution of valine from EP to M.VAL, whereas the dilution of 15 N from either digesta NH 3 or plasma urea was used to estimate the contribution of de novo M.VAL synthesis plus valine transamination to M.VAL. Based on this approach, we could not differentiate between de novo M.VAL synthesis and incorporation of 15 N into M.VAL due to transamination. De novo M.VAL synthesis plus valine transamination contributed #7.2% to M.VAL in ileal digesta ( Table 4) . For both dietary treatments, .92% of M.VAL was derived directly from preformed valine from either endogenous or DP. Combining dietary treatments, DP contributed more to M.VAL than EP (62.8 vs. 32.0%; P , 0.05). The addition of pectin to the diet increased the contribution of NH 3 to M.VAL (P , 0.05) and reduced the corresponding contribution of preformed valine from dietary and EP (P , 0.05).
For mucosa-associated microbes, de novo M.VAL synthesis plus valine transamination contributed #6.5% to M.VAL; .93% of M.VAL came from dietary and EP for both Control and Pectin pigs (Table 4) . In contrast to digesta-associated microbes, a larger proportion of M.VAL in mucosa-associated microbes was derived from EP (72.9%) than from DP (22.2%) (P , 0.05). Also, in contrast to digesta-associated microbes, the addition of pectin did not influence the relative contributions of the different sources of nitrogen to M.VAL in mucosa-associated microbes (P . 0.10).
Discussion
In previous studies, it was demonstrated that indispensable AA are synthesized by the enteric microbiota of nonruminants and that they can be absorbed and contribute to the AA supply of the host, but estimates of microbial AA absorption are very Nitrogen sources for microbial protein 1091
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jn.nutrition.org uncertain (1, 3, 4) . However, even if the quantities involved are large, microbial AA will make a net contribution to the host's AA supply only if the nitrogen of those AA is derived from nonprotein nitrogen products, such as urea or NH 3 , or from surplus dispensable AA. If, on the other hand, microbial AA are derived from dietary or endogenous AA that could have been absorbed directly, they will make no net contribution. The current findings suggest that preformed AA from dietary and endogenous origins contribute extensively to microbial protein in the upper gut of growing pigs.
Methodological considerations. It is technically difficult to measure accurately the relative contributions of the various sources of nitrogen that enteric microbes use for microbial protein synthesis. This is due to the rapid and dynamic exchanges or recycling of nitrogen between the gut lumen, enteric microbes, and the host (29) . In the present study, a continuous IV infusion of L-[1-13 C]valine and [ 15 N 15 N]urea was used to label the EP and urea (and thus digesta NH 3 ) pools, respectively, and to measure the incorporation of these isotope tracers into M.VAL.
When interpreting the results of the current study, several assumptions have to be considered. First, it has to be assumed that isotopic steady states were achieved. In the current study, it appears that steady states were achieved based on the small changes over time in the isotopic enrichment of [ 15 N 15 N]urea and [
13 C]valine in plasma as well as in the 13 C and 15 N enrichment of microbial AA on the last days of infusion. More importantly, there was little change in the estimated relative contributions of urea and EP to M.VAL between 3 and 4 d of infusion (,0.12 and 2.0 percentage units for urea and EP, respectively). Second, it was assumed that protein-derived NH 3 and plasma urea-derived NH 3 contribute to 1 homogenous "free NH 3 pool" in the gut lumen, which serves as precursor for de novo synthesis of AA by enteric microbes. If channeling of NH 3 from fermented AA into valine synthesis occurs, de novo synthesis of valine by enteric microbes would be underestimated.
Third, our calculations depend on the assumption that the transamination of a-ketoisovaleric acid of endogenous or dietary origin makes a negligible contribution to our estimate of the contributions of preformed valine from endogenous and DP to microbial protein. The low 15 N enrichment in AA that are not involved in transamination (lysine and threonine; #0.012%), relative to that in other AA (~0.05% in alanine and 0.04% in valine), suggests that that 15 N valine production by transamination inflated our estimate of de novo M.VAL synthesis. However, our estimate of de novo M.VAL synthesis is already low and has little impact on our estimates for the incorporation of preformed valine from endogenous and DP into microbial protein.
A 4th assumption was that the 13 C enrichment in mucin valine accurately represents the enrichment of all valine secreted with EP into the upper gut [i.e. from the pancreas, stomach, salivary glands, bile, and small intestine; for in-depth discussion, see (30) ]. Support for this was provided by the small difference in the contribution of endogenous valine to digesta valine in the distal ileum estimated from the 13 C enrichment in either mucin or plasma valine (Table 3 ). This suggests that blood is the main AA source for synthesis of intestinal mucin, which is one of the main contributors to EP recovered in ileal digesta (30) .
A 5th assumption was that complete purification of microbial material was achieved. To reduce contamination of microbial material by epithelial cells, we used a tissue homogenizer (16) . Any contamination would lead to an overestimation of the contribution of EP to M.VAL, especially in mucosa-associated microbes.
To extrapolate observations on valine to other AA, it must be assumed that the estimated contributions of the different nitrogen sources to M.VAL apply to other microbial AA. 15 N enrichment in other indispensable AA were similar for most AA, except lysine and threonine, which were the least enriched of all AA that were examined, as found by others (1) . If the contribution of NH 3 is calculated based on the 15 N enrichment of microbial lysine or threonine, the estimated contribution of NH 3 to microbial AA would be .40% lower than the current estimate.
Fermentative AA losses in the upper gut. The results of the current study suggest that a large proportion (. 70%) of ileal by guest on July 31, 2017 jn.nutrition.org Downloaded from digesta NH 3 is produced from nonurea nitrogen sources and ,30% from urea. This is consistent with data on adult humans [8.5% (31) ] and duodena of sheep [9.0% (32); 11-32% (33)]. These studies indicate that 70-90% of NH 3 in human feces (31) , sheep rumen (32, 33) , and pig ileum (current study) originated from fermentation of dietary and EP. These fermentative AA losses are not considered when using ileal digestible AA intake as an estimate of available AA supply for protein accretion.
Dietary pectin inclusion tended to increase the proportion of ileal digesta NH 3 derived from protein fermentation; the difference of nearly 10 percentage units was, however, not significant due to the large variation in digesta 15 NH 3 enrichment (CV of 34 and 80% for Control and Pectin pigs, respectively). It is likely that NH 3 production in the gut lumen increased with pectin supplementation, as suggested by the trend toward a higher NH 3 -N flow at the ileum. If this is indeed the case, the total AA loss due to microbial fermentation of protein in the upper gut will be substantial. To provide quantitative estimates of fermentative AA losses, the rate of NH 3 generation in the upper gut must be determined, reflecting NH 3 flow at the distal ileum as well as NH 3 absorption and NH 3 usage for microbial protein synthesis.
Source of nitrogen for microbial protein synthesis in the upper gut. Estimates of the contribution of NH 3 to microbial protein synthesis in the rumen are highly variable [18-100% (34) ]. The present study suggests that, in normally nourished pigs, preformed AA from dietary and EP contribute much more than de novo synthesis to AA incorporated into the protein of both digesta-and mucosa-associated microbes in the upper part of the digestive tract. This is consistent with the results of in vitro studies with rumen microbes that have shown large reductions in the use of NH 3 for microbial AA synthesis when peptides or AA are available (34, 35) . The contribution of preformed AA to microbial AA was the same for both digesta-and mucosaassociated microbes. However, digesta-associated microbes used more preformed AA from DP, whereas mucosa-associated microbes use more from EP. This difference may reflect in part contamination of microbial samples with epithelial cells, but it can also be attributed to the relative abundance of nitrogenous precursors available in the immediate environment of each population.
In conclusion, in the current study, .92% of valine in microbial protein in the upper gut was derived from preformed AA from endogenous and DP, suggesting that the contribution of de novo synthesis to microbial AA, and thence to the host's AA supply, is small. However, the question remains open as to how much of those dietary and EP would have been digested and absorbed without the intervention of the microbiota. In future studies, estimates should be made of total microbial protein synthesis and attempts should be made to quantify fermentative AA catabolism to better understand the impact of microbiota in the upper gut of nonruminants on AA supply to the host.
